INTRODUCTION
The problem of gas fl ow in the annular space has been discussed since the 1960s. The fl ow of reservoir fl uids to the annular space as a consequence of the lack of pressure balance has been analyzed. The fl uid moves to the lower pressure zone, sometimes it may even reach the surface (Fig. 1) .
Fig. 1. Schematic of interzone migration
This problem is encountered in a number of gaseous deposits and wells prepared for underground gas storage purposes. This eff ect is frequently called gaseous connection, gas leak, gas fl ow in the annular space, channel gas fl ow, gas fl ow after cementing jobs or after invasion. The risk of occurrence of gas fl ow covers a broad range of issues, starting from delicate gas cushions on the head, to eruptions [3, 9] .
Analyzing the factors infl uencing the gas migration process we can distinguish geological, technical, technological, mechanical and organizing factors. For the sake of eliminating this disadvantageous eff ect, various additives or admixtures are added to the sealing slurries to improve the parameters of the cement sheath. Gas migration tests were performed in the course of cement slurry binding. Apart from it the increase of static structural strength was also analyzed. These analyses help understand and limit the gas migration in the between pipe and annular space thanks to the recognition of processes taking place when the slurry is binding and the hydrostatic pressure lowers within the area of the cemented casing column [10] . After injecting the slurry to the sealed space it undergoes binding in the time scheduled for a given well. Liquid cement slurry exerted by hydrostatic pressure counterbalances reservoir pressure. Then the slurry undergoes binding processes and its hydrostatic pressure decreases (Fig. 2) . When the hydrostatic pressure lowers under the value of reservoir pressure before the end of the binding process, gas may start migrating in the sealing slurry structure (to the low pressure zone). At that time the static structural strength is built. Gas will not migrate if the slurry reaches an appropriate static structural strength (SSS) which causes the formation of a barrier hindering its exhalation. The SSS value was determined experimentally and equals to 240 [Pa] [1, 5, 7] . Additional experiments prove the dependence of the drop of hydrostatic pressure during the test on the gas migration in the course of binding, and analyzing static structural strength.
Test of gas migration in the course of cement slurry binding
The gas migration test was conducted with the use of the apparatus presented in Figure 3 (OGI-NRI design), simulating borehole conditions and allowing for tracing phenomena in the slurry during binding processes. The tests have been performed in the conditions simulating the cemented annular space in a well, injected gas (under pressure), and low pressure permeable zone. Cement slurry was subjected to the operation of two zones in the well-simulated conditions. The fi rst was characterized by high gas pressure, the other onelow gas pressure. Hydrostatic pressure exerted on the column stops gas migration as long as the cement slurry remains in the liquid state. When the reservoir pressure in the cement slurry decreases because of chemical dehydration below the gas pressure, it may enter the structure of the binding cement slurry to go to the surface or other low pressure zone. The gas migration tests give some knowledge about the process of invasion in the structure of the binding cement slurry, analogous as on the cement slurry/reservoir rock interface or near the interface [11, 12] . 
Analysis of static structural strength (SSS)
The static structural strength has been analyzed with the use of the SGSM analyzer Ofi te model 120-53 (Fig. 4) . The analysis lies in determining the force exerted by paddles on the thickening sealing slurry. The paddles of defi nite surface performed very slow cyclic rotations (0.5 degree per minute) (Fig. 5) [4] . One of the most important factors, which contribute to the stopping of gas migration in the course of slurry bonding is static structural strength (SSS). For the sake of preventing gas from entering the structure of the binding sealing slurry the recipe of the slurry should be so modifi ed as to obtain the possibly short transition time (TT). The lower is the probability of formation of gaseous channels in the structure of the gelling sealing slurry, the shorter is the transition time TT. The analyses reveal that for typical cement slurries, where no retarders were used, the transition time TT equals up to 3 hrs, whereas slurries used for sealing deposits where the risk of gas migration occurrence is increased, have much shorter TT, frequently under 1 hr.
Transition time is a time between the fi rst measurement of SSS and time in which cement slurry reached the state in which no new gaseous channels can be formed (Fig. 6 ) [2, 8] . The slurry changes its state from liquid to gel and fi nally to solid. This process takes place after the slurry injection beyond the casing. In this time the slurry behaves neither like a fl uid nor like a solid, having properties of both these states simultaneously. During transformation the static structural strength of the slurry increases, which results from the hydration of cement. The read out of the fi rst value of static structural strength is made at the point when the slurry leaves the liquid state, when it can fully transmit hydrostatic pressure to the state in which the hydrostatic pressure starts to decrease (point A, Fig. 6 ) [2] . The experimentally determined value, corresponding to this point, equals to 48 Pa (100 pounds/100 ft 2 ). The remaining measurement points were determined in defi nite time intervals, till a characteristic point in which cement slurry loses its ability to transmit hydrostatic pressure is reached. This point is defi ned as the beginning of the transition time of binding [2, 6] (point B, Fig. 6 ), and its value determined experimentally equals to 240 Pa (500 pounds/100 ft 2 ). Both the test for gas migration during slurry binding and the analysis of the increasing static structural strength can be used for test elaborating or modifying the composition of slurry thanks to which it can be used for sealing boreholes where the risk of gas exhalations is increased. The analysis of the research conducted by OGI-NRI revealed that there exists a dependence of the results of experiments describing the ability of slurry to counteract gas migration. The gas migration test for the binding cement slurry was compared with the analysis of the increasing static structural strength. The results have been presented further in this paper. Then the tests for gas migration during binding were performed for the designed slurries with the use of an OGI-NRI apparatus (Fig. 1) following the research procedure. For comparison's sake, the increase of static structural strength of cement slurry was also performed, in compliance with the standard EN-PN ISO10426-6 and with the use of SGSM analyzer Ofi te model 120-53 (Fig. 4) .
LABORATORY EXPERIMENTS
The analyses were performed for four slurry components. The basic slurries 1/BAZ and 2/BAZ were the basic compositions (not withstanding the gas migration phenomena), and 1/AMI and 2/AMI slurries were able to counteract the gas migration process. The tests were aimed at comparing both research methods. Slurries no. 1 (both BAZ and AMI) are fi t for conditions corresponding to a temperature of 25°C and pressure 3 MPa, whereas conditions no. 2 (BAZ and AMI) corresponded to wellbore-like conditions, temperature of 60°C and pressure of 35 MPa.
The slurries were based on network water with Portland cement 32,5 R for slurries at a temperature of 25°C and drilling cement G HSR for sealing slurries at temperature 60°C. The compositions of slurries have been presented in Table 1 . The fi rst recipe 1/BAZ, for latex slurry and without BSA addition, was basic reference slurry. The modifi cation of this recipe is slurry 1/AMI, with an addition of 6.5% of countermigration agent. Latex and antifi ltrate were removed from slurry 1/AMI and the microcement content was lowered from 20% to 5%. The water-to-cement ratio was also lowered in the modifi ed slurry.
In the case of recipes for wellbore temperature of 60°C and pressure of 35 MPa the latex and antifi ltrate were eliminated and 6.5% BSA was added. The microcement content was lowered from 15% to 5% and the water-to-cement ratio was increased to maintain the appropriate rheological conditions. Thanks to these modifi cations the fi ltration of the slurries could be considerably lowered from 94 cm 3 /30 minutes to 30 cm 3 /30 minutes for slurry 1/AMI and from 78 cm 3 /30 minutes to 14 cm 3 /30 minutes for slurry 2/AMI. The modifi ed slurries had lowered rheological parameters as compared to basic slurries and lack of settling. The results have been listed in Table 2 . The most important properties which were taken into consideration during realization of the research were the time of beginning and end of bonding during the migration test when the cement slurry is bonding, and the transition time (TT) when building the static structural strength. The results have been presented in Table 2 , and the graphical interpretation of the migration test during bonding and building static structural strength have been presented in Figures 7 to 14 . Slurries 1/BAZ and 2/BAZ, which do not counteract gas migration very slowly built the static structural strength, had long transition time (TT) and time of bonding end after hydrostatic pressure dropped below the given reservoir pressure (Figs. 7, 9, 11 and 13) . A reverse situation was observed in the case of slurries counteracting gas migration processes, i.e. 1/AMI and 2/AMI. These slurries have short transition times TT (below 1 hour). During the gas migration test, the time of bonding end was observed before the hydrostatic pressure dropped below the given reservoir pressure (Figs. 8, 10, 12 and 14) . After performing SSS analyses and the gas migration test a huge dependence was observed between them. Slurries resistant to gas migration maintain hydrostatic pressure of the column of cement slurry on a constant level in the course of bonding. The time when bonding ends was observed before the hydrostatic pressure dropped below the reservoir pressure at the fi nal stage of cement slurry bonding (Figs. 8 and 12 ). Such slurries also reveal stability while building static structural strength. In the initial time of hydration the cement slurry had very low structural strength on the level of 0.5 to about 2 Pa (Figs. 10 and 14) . When the bonding began and the hydrostatic pressure lowered in the gas migration test, a rapid increase of static structural strength could be observed (Figs. 10 and 14) . This results in a short (51 minutes for slurry 1 and 35 minutes for slurry 2) transition time (TT) and so the ability to prevent gas migration through the cement slurry.
In the fi rst test performed for the slurry which was not resistant to the gas migration effect, hydrostatic pressure of the slurry was lowered before the time of bonding ended (Figs. 7  and 11 ). The comparison of the static structural strength revealed that structural strength of the slurry was built very slowly. The transition time between 48 Pa and 240 Pa was over 2 hours for the fi rst slurry (Fig. 9) , whereas for the second slurry the TT value was not obtained (Fig. 13 ). During such an elongated gelling time gas may enter the structure of the bonding slurry and form its migration pathways. This test proves the negative result of the previous test, where the slurry did not have abilities to counteract gas migration processes.
CONCLUDING REMARKS
The analyses prove a considerable dependence of the results of gas migration resistance tests conducted in the process of cement slurry bonding and the analyses of the increase of static structural strength. The following conclusions have been drawn: -The slurry hydrostatic pressure begins to drop (Figs. 8 and 12 ) when the structural strength begins to increase (Figs. 10 and 14 ). -Slurries characterized by short transition times from 48 Pa to 240 Pa (TT) also reveal short transition time between the beginning of bonding (BB) and end of bonding (EB). -Slurries of increased resistance to gas migration have a short transition time (TT) and quick bonding time; they also quickly thicken from 30 Bc to 100 Bc (Tab. 2). -In slurries of long transition time (TT) and long bonding time from BB to EB gas may enter the structure of the bonding sealing slurry, and consequently gas fl ows may take place after the cementing. -The beginning of slurry bonding was observed to correspond to the SSS values ca. 200-220 Pa.
The obtained results contribute to a better understanding of mechanisms in the bonding cement slurry, which may have eff ect on better sealing of wells where the risk of gas migration is high.
The gas migration tests in the course of cement slurry bonding, analysis of static structural strength, establishing the transition time, and also obeying regimes set before slurries greatly contribute to the lowering of the gas migration phenomenon. Attention should be paid to a number of other factors which have infl uence of the effi ciency of sealing of the casing. Each cementing job should be analyzed individually with reference to the actual wellbore conditions.
